Evidence suggests that estrogen modulates growth hormone (GH) release and that GH plays an important role in follicular and ovulatory processes. How estradiol affects GH secretion is unclear. Having verified that there is a coincident surge of GH at the time of the preovulatory LH surge, immunocytochemical studies incorporating high-temperature antigen retrieval were used to determine whether GH-releasing hormone (GHRH) neurons, somatotropes, or both, expressed estrogen receptor ␣ (ER), in the ewe. Although GHRH neurons were surrounded by many ER cells, they did not express immunocytochemically detectable ERs. In contrast to gonadotropes, in which the majority expressed ERs, few somatotropes were estrogen receptive. These data suggest that estrogen does not act directly on GHRH neurons to influence GH secretion, and any direct effect on pituitary GH release, through the ER␣, may be small.
INTRODUCTION
Increasing evidence suggests growth hormone (GH) plays an important role in reproduction. GH is used successfully in the treatment of infertility in humans [1, 2] and data suggest that GH acts as a co-gonadotropin, whereby it enhances the effects of gonadotropins [3] . Furthermore, in hypophysectomized ewes, follicular growth and ovulation were not induced by exogenous gonadotropins unless GH was coadministered [4] . Other reports suggest that GH directly affects [5, 6] gametogenesis, gonadal differentiation, and gonadotropin responsiveness to GnRH [7] [8] [9] .
Studies in humans have suggested that GH release is elevated around the time of the preovulatory LH surge [10] and that GH secretion is increased in postmenopausal women supplemented with estradiol [11, 12] . Estrogen administration to ovariectomized ewes is also associated with an increase in GH pulse amplitude [13] . Moreover, evidence obtained from sheep suggests that in addition to the estrogen-induced GnRH and thus, LH surges, there is also a concomitant GH surge [14] . Because this singular study did not describe the precise relationship between LH and GH release for the duration of the preovulatory surge, our first study sought to verify its occurrence and determine the temporal relationship. How estrogen could modulate pituitary GH output remains poorly understood. GH secretion is regulated primarily by two hypothalamic factors, GH-releasing hormone (GHRH) and somatostatin, although the relative importance of these to tonic GH secretion appears to be species-dependant (see [13] for a review). An obvious hypothesis, therefore, is that estrogen acts directly on these neurons to modulate GH release. Studies on the rat [15] and a previous study on the ewe [16] have shown that somatostatin neurons in the periventricular region, which are the major, if not the only source of somatostatin in the hypophyseal portal system [17] , do not express the estrogen receptor (ER). However, several studies on other species suggest that there is considerable overlap between regions displaying ER and GHRH immunoreactivity, including those in rats [18, 19] , guinea pigs [20, 21] , and monkeys [22, 23] . Moreover, a recent study in the male calf reported that estradiol increased GHRH released from perifused hypothalamic slices, but whether this was a direct effect on GHRH neurons was not determined [24] . Perhaps surprisingly, visualization of the location of GHRH neurons in sheep has proved difficult (I.J. Clarke, personal communication; [13, 25] ), despite success in numerous other species, and is a fundamental first step toward understanding how steroids influence GHRH release in the sheep. Having determined the distribution of GHRH neurons, our third objective was to determine whether ovine GHRH neurons expressed ER.
There is evidence in sheep [26] and other species [27, 28] including humans [29] that estradiol can act directly on pituitary gonadotropes to augment the amount of gonadotropin secreted in response to a given GnRH stimulus. It is plausible to speculate, therefore, that estradiol may act similarly on somatotropes to augment their response to GHRH. Thus, the final objective of this study was to establish whether somatotropes were estrogen receptive.
MATERIALS AND METHODS

Animals
Sexually mature ewes of mixed breed were ovariectomized under anesthesia and a 1-cm long (4.64 mm outside diameter; 3.35 mm inside diameter) Silastic 17␤-estradiol (Sigma, St. Louis, MO) implant was immediately inserted s.c. in the inner aspect of the left forelimb. Ewes were maintained under natural photoperiod, and studies were conducted during the breeding season. At the time of the experiment, two progesteronereleasing implants (CIDR; InterAg, Hamilton, New Zealand) were inserted intravaginally for 10 days. All procedures were carried out in accordance with Home Office License PPL 30/1670 and authorization A37801 of the French Ministry of Agriculture.
Estradiol-Induced LH and GH Surges
Twenty-four hours after the removal of the progesterone implants, LH surges were induced in 3 ewes by s.c. insertion of four 3-cm-long (4.64 mm outside diameter, 3.35 mm inside diameter) Silastic 17␤-estradiol implants in the inner aspect of the left hind limb. This treatment raises cir-
Results from three ewes confirming that at the time of the estradiol-induced LH surge, there is a concomitant GH surge. Note that in the ewe in the top graph, the peak in GH preceded the LH peak. culating estradiol concentrations to peak follicular phase values (approximately 7.1 pg/ml; [30] ). Blood samples were collected every 2 h for 30 h starting 9 h after insertion of the estrogen implants, and plasma was stored at Ϫ20ЊC until assayed.
Plasma LH concentrations were determined in duplicate 100-l aliquots by a double antibody radioimmunoassay and were expressed in terms of National Hormone and Pituitary Program oLH-I-4 (Harbor-UCLA Medical Center, Torrance, CA) as previously described [31] . All samples were assayed in a single assay, and assay sensitivity, defined as 2SD from the zero standard, was 0.12 ng/ml, and the intraassay coefficient of variation was 6.3%. Plasma GH concentrations were estimated in 100-l aliquots by a double antibody radioimmunoassay and were expressed in terms of National Hormone and Pituitary Program oGH-I-5 as previously described [32] . Assay sensitivity was 1.4 ng/ml, and the intraassay coefficient of variation was 9%.
Tissue Preparation for Immunocytochemistry
For the immunocytochemical studies, ewes (n ϭ 8) were killed 12 h after progesterone removal and, thus, the steroid status was comparable to the early follicular phase of intact animals.
Animals were injected with 25 000 IU heparin, killed by exsanguination by a licensed butcher, and decapitated. Catheters were inserted into both carotid arteries, and the cranial circulation was flushed with 0.5 L of 0.9% NaCl before fixation with 3 L of 4% paraformaldehyde in 0.1 M PBS solution (pH 7.6). Less than 2 min elapsed between the time of death and the start of the perfusion, which was carried out at a rate of 175 ml/ min.
The pituitary and a block containing the preoptic area and hypothalamus were dissected out and placed in 4% paraformaldehyde in PBS at 4ЊC for 24 h. The tissue blocks were subsequently immersed in 40% sucrose in PBS at 4ЊC until infiltrated. Six identical sets of 60-m-thick coronal sections (i.e., each section within a set was 360 m apart from the preceding section) were cut on a freezing microtome from the septum through to the caudal hypothalamus at the level of the mamillary bodies. Pituitary sections were cut at 40 m. Sections were stored in cryoprotectant [33] at Ϫ20ЊC until immunocytochemistry was performed. 
Distribution of GHRH Neurons
Free-floating sections were removed from cryoprotectant and washed in 0.05 M Tris-buffered saline (TBS, pH 7.8), for 5 min. All washes were repeated three times. Antigens were unmasked according to methods described in detail previously [34] . Briefly, sections were boiled for 15 min in high-temperature antigen retrieval solution (pH 6.8; 100ЊC; Vector Laboratories, Burlingame, CA) and left to cool in the unmasking solution for 20 min. Sections were washed, immersed in 40% methanol/1% H 2 O 2 /TBS solution for 10 min, washed, and transferred to 20% normal goat serum/ 0.1% Triton/TBS for 1 h. Sections were incubated for 48-72 h at 4ЊC in rabbit polyclonal antisera:anti-human GHRH (1:20 000; Peninsula Laboratories, San Carlos, CA) or anti-rat GHRH (1:2000; a gift from Dr. W. Vale, Salk Institute for Biological Studies). At room temperature, sections were washed, incubated in secondary antiserum (1:300; for 90 min; biotinylated goat anti-rabbit immunoglobulin [Ig] G; Vector), washed, and placed in streptavidin-horseradish peroxidase (1:100; Amersham Pharmacia Biotech, Little Chalfont, U.K.). Visualization of immunoreactivity was performed with diaminobenzidene tetrahydrochloride (DAB) as described [35] . Sections were mounted on gelatinized slides and coverslipped.
Do GHRH Neurons Express ERs?
Sections were treated as above but were first placed in monoclonal rat antiserum raised against the human ␣ER (H222, 2 g/ml; a gift from Dr. A.E. Herbison) and biotinylated secondary anti-rat IgG (1:300; Vector), followed by incubation in Vectastain Elite kit (1:50 for 90 min; Vector). Nuclear immunoreactivity was visualized using nickel-intensified DAB [35] . Sections were washed in TBS, transferred to 40% methanol, 0.3% H 2 O 2 TBS for 10 min to deactivate remaining peroxidases, and then placed in the GHRH antiserum for 48 to 72 h. Cytoplasmic immunoreactivity was visualized with DAB.
Pituitary Immunocytochemistry
ER␣ was visualized in pituitary sections from four ewes using the protocol described above for the rat H222 antiserum. Sections were then double-labeled with rabbit polyclonal antisera obtained from the National Hormone and Pituitary Program recognizing either GH (1:20 000) or ␤LH (1:5000).
Antibody Specificity and Data Analysis
The specificity of the H222 antibody has been described previously [36] . The specificity of the GHRH antiserum was established by Peninsula Laboratories and displays no cross-reactivity with vasoactive intestinal peptide, secretin, or gastric inhibitory polypeptide. Controls in the current study included omission of primary antibody or preabsorption with synthetic ovine GHRH (500 g/ml; American Peptide Company, Sunnyvale, CA). No specific immunoreactivity was evident following these treatments.
The location of GHRH-immunoreactive (IR) cells throughout the hypothalamus was determined for each ewe, and the number of GHRH-IR neurons was recorded in each area. The number of GH-IR cells and LH-IR cells and the number expressing ER-IR were counted in three 0.01 mm 2 random sites within each pituitary section. The mean was calculated for each ewe and results are expressed as a percentage (mean Ϯ SEM).
RESULTS
GH Surge
A surge in GH secretion was observed at the time of the estradiol-induced LH surge in all three ewes (Fig. 1) . In two ewes, this surge was coincident with the LH surge and in one ewe the GH surge peaked before the LH surge.
Estrogen Receptor Immunoreactivity
ER-immunoreactive cells were widely distributed in the ovine hypothalamus as described previously [35] [36] [37] [38] . Intensively stained ER cells were observed throughout the central and medial aspects of the preoptic area, bordering the third ventricle and the organum vasculosum of the lamina terminalis. ER-IR cells were also found adjoining the anterior hypothalamic area, where there was a distinct cluster of cells evident in the dorsal anterior hypothalamic area. Many ER-IR cells were also found in the arcuate nucleus and lateral region of the ventromedial nucleus. ER-immunoreactivity within the cytoplasm was also found throughout the hypothalamus.
GHRH Immunoreactivity
No specific immunoreactive neurons were evident using the anti-rat GHRH antiserum. In contrast, the anti-human GHRH antibody revealed intensely stained GHRH neurons only in the hypothalamus. These neurons were restricted to the arcuate nucleus and a few were located in the ventromedial aspect of the ventromedial nucleus, extending rostro-caudally but with fewer neurons caudally (Fig. 2) . Beaded GHRH-IR fibers were found throughout the hypothalamus but predominantly in the arcuate nucleus/ventromedial nucleus and a dense bed in the external zone of the median eminence.
Although numerous ER-IR cells surrounded GHRH neurons, they did not express ER immunoreactivity (Fig. 3, A 
-E).
Somatotropes and Gonadotropes
ER-IR, GH-IR, and LH-IR
DISCUSSION
This study supports an earlier investigation [14] , that at the time of the estradiol-induced LH surge, there is a clear concomitant GH surge. It is important that this is the first immunocytochemical study to describe the distribution of GHRH neurons in the sheep and to provide evidence that the effect of estradiol on GH output is not through a direct action on GHRH neurons. Moreover, any direct effect on the somatotrope through the ER␣ is likely to be small. This is the first study reporting the distribution of immunoreactive GHRH neurons in the ewe and, in agreement with several other species; namely, rats [18, 19] , guinea pigs [20] , mice [39] , cats [40] , pigs and cows [41] , monkeys [22] and humans [42] , immunoreactive GHRH perikaryia are restricted to the arcuate and ventromedial nucleus of the hypothalamus. This distribution corresponds to that shown for the GHRH mRNA in the ewe [43] .
To our knowledge, this is also the first study in any species to use immunocytochemical methods to determine whether GHRH neurons express ERs. This absence of steroid receptors in GHRH perikaryia agrees with a recent study in the male rat showing no colocalization with androgen receptors [44] . However, our discovery that GHRH neurons do not express ER␣ does not concur with an autoradiographic study in the female rat in which up to a third of GHRH neurons in the central portion of the arcuate nucleus were reported to concentrate [ 3 H]estradiol within the nucleus [45] . Although it is possible in the ewe that GHRH neurons express ER␤, this is extremely unlikely because ER␤ mRNA is undetectable in the regions displaying GHRH immunoreactivity [46] . Rather, the absence of ER in GHRH neurons in the ewe, as opposed to the rat, may indicate a possible species difference in how estradiol regulates GH release. In this respect, a recent report showing that up to 70% of GHRH neurons in the adult male rat contained ER␣ mRNA [47] supports this conjecture and, as pointed out in a recent review [13] , it is important to note that the neuroendocrine regulation of GH release in the rat differs significantly from the sheep and other species, including humans. Alternatively, the different techniques applied to detect the ER in the female rat investigation [45] and our study, may be a contributing factor to the difference between the species. Specifically, in our study, a GHRH neuron that seemed to possess an ER was observed occasionally but, at higher magnification, it was clearly apparent that one side or portion of the stained nucleus lay outside the GHRH neuron and, thus, was not colocalized. It is probable that if autoradiographic analysis had been carried out, it would have yielded a false-positive identification.
It is well documented that estradiol sensitizes gonadotropes to GnRH stimulation [26] [27] [28] [29] . This effect appears to be directly on gonadotropes and, in agreement with the present study, several studies have previously reported that ovine gonadotropes express ERs [48, 49] . It is plausible to speculate, therefore, that estradiol may similarly sensitize somatotropes. In the female rat, some studies found that preincubation of pituitary cells with estradiol had no effect on the response of GH to GHRH [50] , whereas others have noted a stimulatory effect of estradiol on spontaneous and GHRH-induced GH secretion, as well as an increase in cellular GH content in pituitary cell cultures [51] . Similarly, in male rats, estradiol administration increased baseline plasma GH levels, possibly by exerting its effects directly at the level of the pituitary [52] . In the bovine, pituitary cells were unresponsive to estradiol [24] and in monkeys, estradiol had no effect on somatotrope cultures from adult males and females and juvenile females, but cultures from juvenile males showed increased responsiveness to GHRH [53] . Thus, the extent of the direct influence of estradiol on somatotropes remains controversial and may depend on the sex and prevailing steroidal milieu of an animal. In ewes, the present study revealed that few GH cells contained ER␣, suggesting that any direct modulatory effect of estradiol on the somatotrope at the time of the estradiol-induced LH surge through the ER␣, is likely to be minimal.
An earlier study in the ewe reported that only somatostatin neurons in the ventrolateral region of the ventromedial nucleus contain ER␣, whereas no periventricular region somatostatin neurons colocalize with ER␣ [16] . These data concur with research in the rat [15] . Because periventricular somatostatin neurons are the major, if not the only source of somatostatin in the hypophyseal portal system [17] , it is unlikely that estradiol directly modulates somatostatin levels in hypophyseal portal blood. However, it is possible that either the periventricular somatostatin neurons are affected indirectly by estradiol through an interneuronal system or that the estradiol-receptive somatostatin neurons in the ventromedial nucleus affect the nearby GHRH perikaryia. These two hypotheses are not mutually exclusive and further research is essential. It is also possible that other GHreleasing peptides, such as the recently identified ghrelin [54] , may play a critical role in the regulation of GH secretion by estradiol.
A final point of note is the use of a high-temperature antigen retrieval technique in the current study. If sections were not subjected to this antigen retrieval method, or if sections were simply heated in TBS, then we were unable to visualize GHRH neurons (unpublished observations). McQuaid and colleagues [55] noted that the revelation and intensity of several antigens in the human central nervous system were markedly improved by microwave treatment. At least one recent study [34] has also shown that the immunoreactivity of steroid receptors is significantly increased or entirely dependent upon antigen retrieval. It should be noted, however, that antigen retrieval may have no effect on the ability of an antibody to detect its target antigen (e.g., GnRH [34] ) or, possibly, damage or destroy certain antigens. It will be essential therefore to conduct comparative studies between antigen-retrieved and antigenunretrieved tissue for every antibody if this procedure is used.
In summary, there is increasing evidence that GH plays a critical role in the regulation of reproduction. In sheep and humans, evidence suggests that estradiol augments GH secretion, but the mechanisms are unknown. Taken together with studies on the distribution of ER␤ in several species [56] [57] [58] , including sheep [46] , indicating that there is little or no overlap with the distribution of GHRH neurons reported in all species described to date [18, 20, [39] [40] [41] [42] , our study provides compelling evidence that estradiol does not act directly on GHRH neurons to modulate ovine GH release. The present study also suggests that any direct effect of estradiol through the pituitary ␣ER on the secretion of GH is likely to be small. Whether GnRH is able to stimulate GH release in the ewe, as it can in the rat [59] and fish [60] , or whether the neurons responsible for generating the estradiol-induced GnRH surge are also driving a GHRH surge warrants further investigation.
